Barro Colorado Island is a 1500-ha. hill protruding 137 m above Gatun Lake. Its broad, flat top is underlain by dense basalt. From it radiate steep ridges and valleys cut into sedimentary rocks containing much volcanic debris. Soils mantling the island are generally less than 50 cm deep and are rich in clay; soils deeper than 1 m occur only on the flat hilltop. Soil properties appear to be greatly influenced by topography.
C, and potential evapotranspiration (Penman) is about 12 cm a month. Per year, 2600 mm of rain fall, 90% during a rainy season lasting from May through December. During the dry season, trade winds prevent convective storms, thereby dictating the seasonal rhythms of climate on this island.
A simple model predicts runoff and soil moisture content from rainfall, potential evapotranspiration, and fixed characteristics of the soil. At the beginning of the dry season, the ground contains about 40 cm of water available to plants. It appears that, early in the dry season, leaffall increases markedly when a third of this moisture is exhausted, while increases in soil moisture content stimulate flowering in many plants. This model may enable one to infer phenological rhythms ofthe forest in years past from rainfall records.
The permeability of many tropical soils, especially clays, decreases markedly below the fine root zone. Thus, especially if the soil is nearly saturated, runoff from a heavy rain can be forced to the surface as it travels downslope, forming saturation overland flow. Early in the rainy season, little ofthe rainfall reaching the soil runs off. Instead, the water replenishes the soil moisture depleted by evapotranspiration. Subsequent rainfall enters the soil and travels as a shallow subsurface flow and a deeper groundwater flow to drainage channels. This water reaches the channel slowly and causes stream flow to increase gradually. Later in the rainy season, rainfall saturates the soil in a progressively larger fraction of the catchment, leading to more and faster runoff from the hillslopes by saturation overland flow. We estimate that about 20% of the total runoff is by saturation overland flow.
Based on 2 years of suspended sediment measurement and 4 years of water discharge record, the Lutz Creek catchment appears to be eroding at the high rate of 598 t/sq. km/yr. or about 0.75mm/yr. Some of this sediment is derived from erosion of banks cut in landslide deposits, and some is probably generated by surface erosion by rain splash and overland flow.
INTRODUCTION
Between April and December, Barro Colorado Island experiences short, intense rainstorms. T h e soils swell, and in many places they become saturated and discharge water to small ravines dissecting the island. When the rainy season ends, water ceases to run in the ravines, and vegetation withdraws water from soils faster than the infrequent rains of the dry season replenish it. T h e soils slowly dry and break into broad, deep cracks. T h e stress on the forest depends on how dry the soil becomes, which depends in turn on the supply of water stored in the soil relative to the needs of the vegetation.
T h e depth and texture of the soil largely determine the total amount of water stored in the soil and available to plants. Growth of roots, uprooting of trees, burrowing by animals, and development of a plant cover greatly influence the balance between erosion and soil formation, and thereby govern the depth and texture of the soil and of the weathered bedrock below. T h e topography and the texture of the soil control the amount of water running off after rainstorms, and the modes by which runoff occurs, thereby influencing the degree and manner of erosion and, consequently, the further development of the topography.
Quantification of the physical and biological interactions outlined above will lead to a general model for predicting the spatial variation of soil properties and consequent soil moisture availability for plants. In this paper we describe the influence of the geology of Barro Colorado Island on soil development and topography. A section on climate is then presented to give basic data for a water budget constructed for the Lutz Creek catchment. A quantitative model of runoff production would improve our water budget model and, to move toward this goal, we have examined the runoff record from Lutz Creek and estimated the importance of different runoff processes. We complete our discussion with observations on rates of erosion on Barro Colorado Island.
THE GEOLOGICAL SETTING

Panama
T h e isthmus of Panama probably became a land bridge between 2 million and 3 million years ago (Marshall et al., 1979) . This recent uplift partly explains its rugged topography. In central Panama, near the Panama Canal, rocks can be crudely classified as either dense, relatively impermeable volcanics, or as porous, chemically unstable sedimentary rocks and volcanic mudflow deposits. Woodring (1958) has proposed a similar dichotomy. Weathering of the dense volcanics, which tends to be shallow, sometimes penetrating only a few centimeters into the rocks along fractures, yields soils rich in clay on gentle slopes and shallow, rocky soils on steep slopes. On the other hand, weathering tends to penetrate several meters into the more porous rocks and yields clay-rich soils on both steep and gentle slopes.
In a landscape with both dense volcanics and more porous rocks, erosion brings out the differences in their weathering. As rivers carve their way into hillslopes, the deeply weathered sedimentary rocks experience deep-seated landslides, and the fine texture of the soil formed on these rocks encourages overland flow and consequent erosion of the soil surface. In contrast, landslides on the dense basalts may involve just the soil mantle. On the steeper slopes, soils overlying basalts are of coarse texture and overland flow may be rare.
These differences lead to dramatic differences in topography. In central Panama, most major hills and many small ones are underlain by dense volcanics (see map in Woodring, 1957) . These hills are isolated, conical or dome-shaped projections, dominating the lower hills formed in the sedimentary rocks. Some of these hills may have formed about volcanic dikes intruded vertically into the sedimentary rocks. However, much of the basalt was formed as lava flows over the sedimentary rocks (Woodring, 1957) . As rivers cut through the layer of basalt mantling the uplifted landscape, they formed valleys in the sedimentary rocks underneath, making a mosaic of low valleys and basalt-capped heights. Once the basalt cap was breached, erosion of underlying sedimentary rocks could have steepened the slopes formed on basalt to the point that landslides occurred. Erosion by repeated landslides would cause slopes to retreat into the basalt mantle, removing the basalt entirely in many areas and leaving isolated basalt-capped hills such as Barro Colorado Island.
Barro Colorado Island
Barro Colorado Island (9°09'N, 79°51'W) is a hill capped by intrusive and extrusive basalt (Figures 1  and 2 ). It was partially submerged during the formation of Gatun Lake in 1914, forming an island of roughly 1500 ha. The hilltop is broad and flat, and ends abruptly in steep (20°-30°) slopes, which descend into the s u r r o u n d i n g sedimentary formations. A chemically resistant unit composed of dense basalt gravel and sand similar in composition to that capping the hilltop underlies a diagonal section across the island, and also occurs on the northern hillslopes which Bedrock is shown as mapped by Woodring (1958) . Outer trails mostly follow the drainage divide. Some basalt outcrops occur in the region underlain principally by tuffaceous siltstones.
descend into Gatun Lake (Figure 2 ). The other rocks on the island consist of a wide range of volcanic, glassrich sandstones and siltstones, basaltic agglomerate (volcanic mudflow deposits), limestones, and sandstones rich in silt and clay. Narrow ridges and deep ravines cut into the bedrock radiate in all directions from the basaltic hilltop, giving the island a crenated shoreline. On the short, steep hillslopes, numerous local steps in the topography suggest that landslides involving the underlying bedrock are common. Seven obvious landslide scars, with nearly vertical back walls 2-8 m high, have been found in Lutz Creek catchment (Figure 3 ). These scars affect about 5% of the 10-ha. basin. Some of the slides appear to have been active within the last 25 years. In December 1959, five days of nearly continuous rain activated several slides on Barro Colorado Island (Moynihan, 1960) . The character of the vegetation on two of the slides in the catchment also indicates that they moved during this event (Robin Foster, personal communication) . These two slides may also have been active before 1959; we do not know when the other slides occurred. Although they form pronounced topographic steps, landslide scars are not obvious on aerial photographs or by direct observation from the air because of the tall, dense forest.
The mantle of rock debris which drapes this topographically diverse landscape contains four distinct vertical zones (Figure 4 ) differing, sometimes radically, in mineralogy, strength, and permeability, and representing progressive stages of weathering. The lowermost zone is the original fresh bedrock. As the primary minerals of the bedrock oxidize and are leached by percolating water, the zone becomes weathered bedrock, which can be distinguished by the clouding and discoloration of minerals and matrix material. If the weathering process is given sufficient time, the bedrock takes on the appearance of soil, except that it is not physically disrupted and it retains a relict structure of the underlying rock. This zone is referred to as saprolite. The surface layer, which lacks the original rock structure, is the soil and is made by . Four principal horizons resulting from rock weathering and soil formation. In this case, a basaltic lava flow intruded by a dike of more dense basalt has been extensively weathered to form a weathered bedrock zone where much of the original rock appearance and strength are preserved. Weathering causes isolation of roughly spherical regions of much less weathered rock called corestone. Continued weathering produces the saprolite which has a soillike texture but retains the general structure and some of the original rock strength. The amount of corestone in the weathered material can be used to define the difference between saprolite and weathered rock (Deere and Patton, 1971) . Disruption of the saprolite by physical mixing produces the soil.
physical disturbance or mixing of the underlying material. Not every area has all four zones. For example, if the rate of disruptive soil formation is high relative to rates of chemical weathering of the rock, the saprolite zone may be absent. Soils may tend to be coarse textured if they incorporate bedrock that is only partially weathered. The balance between local rates of downslope transport of soil and rates of soil formation determines the thickness and texture of the soil.
We have cursorily surveyed the soils of Barro Colorado by digging pits and coring soils at several locations on the island. Soil properties appear to vary systematically with the type of the underlying rock and with the topographic setting. On the broad, flat top of the island, which is underlain by dense basalt, erosion rates are very low. Root exposure is minimal and the soils, cracking red clays with a brown, organically enriched surface horizon less than 5 cm thick, are over a meter deep. In contrast, on the narrow, gently sloping (9°) ridges such as between Miller and Wheeler trails (Figure 1 ), which are also underlain by basalt, soils are yellow-brown, less than 50 cm thick, and end abruptly in boulder-sized chunks of fresh bedrock with thin weathering rinds. T h e soils are also rich in clay but contain occasional fresh gravel-sized rocks. Along parts of the narrow ridge between the two main branches of Lutz Creek (Figure 3) , basalt reaches the surface and soil is absent. On the steep side-slopes, where gradients can exceed 20°, the soil is of coarse texture, with much material of the size of fine gravel, and less than 50 cm thick. On 50° slopes, weathered basalt reaches the surface, and the soil forms a discontinuous cover trapped in places by the roots of trees.
Siltstones rich in volcanic glass underlie most of Lutz catchment and much of the island. Their soils are yellow-brown silty clays. The thicker soils show cracks u p to 2 cm wide and at least 10 cm deep during the dry season. Typically, these soils have a surface horizon 5 cm thick, enriched with organic material. In general, these soils also tend to be thin, their thickness varying systematically with steepness of slope, as occurs elsewhere (Dietrich and Dunne, 1978) . O n narrow ridgetops with gradients of less than 5%, soils may be less than 20 cm thick. They are 30-50 cm thick on slopes of 20°-30°, but on steeper slopes of 40° the soils are only 10 cm thick. There appears to be saprolite below the soil even on the steeper slopes, perhaps because the parent siltstones are porous and susceptible to chemical weathering. T h e soils formed on the conglomerate (Figures 2, 3) have not been studied sufficiently to characterize, although our one sample appeared similar to the soils formed on siltstones. Knight (1975) reported a soil from at least three sites on the island whose properties suggested seasonal restriction in drainage. We did not have time to study diis soil or map its distribution.
O n Barro Colorado, plant roots are concentrated in the upper 10 to 20 cm of the soil (Figure 5, from O d u m , 1970) . Major roots may also penetrate deep into saprolite and extensively weathered bedrock, in areas where these layers are present. On recendy fallen trees we have observed roots that extended 80 cm below the surface into the underlying saprolite. Roots are important hydrologically, not only because they increase the permeability of the soil, but also because when exposed they criss-cross the soil surface. These exposed roots act as small dams that retard overland flow and subtantially reduce its velocity and erosive capabilities. Rainsplash is an important erosive agent in the tropical forest (Ruxton, 1967; Tricart, 1972) , and the ponding of water behind root dams decreases the frequency of impact of raindrops on the soil surface.
Barro Colorado has experienced varying degrees of h u m a n disturbance. Grinding stones (metates) found in the forest suggest that the hilltop was once subject to shifting agriculture (Enders, ms.; Foster and Brokaw, this volume) . We have also found charred wood in the soils near the A r m o u r trail # 8 , by the "big trees" Figure 5 . Distribution of roots below soil surface and description of soil for a site which was probably located on the eastern side of the Lutz Creek catchment (from Odum, 1970) .
( Figure 1 ). During the early phase of construction of the Panama Canal, the French cleared parts of the hilltop for a distillery, and perhaps also to grow sugarcane (Chapman, 1938) . About half the island, including all of Lutz catchment, was subject to shifting agriculture at this time. However, an aerial photograph taken in 1929 suggests that second-growth forest was well established in these areas (Chapman, 1938) . Foster and Brokaw (this volume) review the history of h u m a n disturbance more thoroughly.
T h e hydrologic impact of this disturbance is unclear. O u r soil survey found no evidence that the shortlived plantation on the hilltop altered the properties of the soil, and we suggest differences in soil characteristics seem to reflect differences in rates of soil formation and erosion now prevailing u n d e r the forest cover. Disturbance has modified the island's vegetation, but it is not obvious that it has greatly modified the runoff process 50 to 100 years later.
CLIMATE
Data on various aspects of the climate of Barro Colorado Island have been taken since 1971 under the auspices of the Smithsonian Environmental Sciences Program (Smythe, 1974; Windsor, 1975 Windsor, , 1976 Windsor, , 1977 . T h e Panama Canal Commission (formerly Panama Canal Company) has measured rainfall on the island with a tipping bucket gauge stationed atop the dining hall in the laboratory clearing for the past 50 years (Rand and Rand, this volume) .
Water Demand Solar radiation, air temperature, relative humidity, and wind speed are the primary factors governing the rate at which plants transpire water. As a result of the proximity of Barro Colorado Island to the equator, the solar radiation entering the upper atmosphere above the island, varies by only 22% during the year, from about 895 cal/sq. cm/day in April to 731 in December (computed from Dunne and Leopold, 1978, p. 107, Table 4-2) .
Clouds decrease the solar radiation that reaches the earth's surface and, on the isthmus of Panama, the variation in cloud cover between wet and dry season causes the monthly incoming solar radiation to vary by a factor of two (U.S. Army Tropic Test Center, 1979 Mean monthly temperatures vary only slightly through the year. T h e midpoint between the daily maximum and the daily minimum temperature averages about 27°C for the year in the laboratory clearing, ranging from a monthly average of about 26°C in December or January to about 28° in April. This midpoint averages about 25°C for the year in the forest near the weir, ranging from about 24 C C in December or January to 26°C or 27°C in April. Average diurnal remperature range is 8°C or 9°C in the clearing and 6°C or 7°C in the forest.
Relative humidity remains high all year because of the proximity of Gatun Lake and the great oceanic bodies to the north and south, and also because of the abundance of water available for transpiration by plants. T h e monthly average relative humidity at midday, as measured by a sling psychrometer, normally varies from 62-68% in March or April to 80% or more by November in the laboratory clearing, and from 7 5 -77% in March or April to 93% by November, in the forest near the weir (Table 1) .
Average wind speed, as measured first from atop the dining hall and then from 8 m above the forest canopy near the weir, varied from 3 km/hr. between J u n e and November to 6-9 km/hr. at the height of the dry season between February and April (Table 1) . These data confirm observations elsewhere (U.S. Army Tropic Test Center, 1979 ) that the mean wind speed is much lower in the mid-isthmus region of Panama than along the coasts. Despite the relatively high humidity, vegetation on the northeastern margin of the island, exposed to the dry-season tradewinds sweeping across the lake, shows signs of desiccation (Enders, ms.) T h e amount of water evaporated from soil and plant surfaces and transpired by plants is termed evapotranspiration. Depending on the availability of water to plants, the evapotranspiration demand created by local meteorologic conditions may or may not be fulfilled. T h e evapotranspiration that occurs when water is freely available is termed potential evapotranspiration, and there are several methods to compute its magnitude from meteorological data. We have used the Penman (1948) procedure, which yields the evapotranspiration rate as a function of net radiation and the evaporating power of the air, which in turn depends on air temperature, humidity, and wind speed. T h e Penman formula can be written as
where evapotranspiration E, is measured in cm/day, E a is evaporation due to wind blowing across the evaporating surface, again in cm/day, deJdT is the rate of change of saturation vapor pressure e sa , in mb, with respect to temperature, T, in degrees Kelvin (273 + temperature Centigrade), calculated for the mean monthly temperature from an appropriate table (cf. Dunne and Leopold, 1978, p. 114) , c is the psychometric constant, 0.66 mb per degree Kelvin, and H is net radiation, translated into the number of centimeters of water it can evaporate per day. H = QJpL, where Q" is net radiation in cal/sq. cm ground area/ day, p is density of water (g/cu. cm), and L is latent heat of vaporization, about 590 cal/g. Net radiation, Q n , and evaporation by wind, E a , are the two quantities whose measurement requires further discussion. We have used the radiation balance to compute the net radiation:
where Q.. ' s solar radiation incident upon the forest canopy, a is albedo, the proportion of this solar radiation reflected back to the atmosphere, and Q lw is net longwave radiation from the evaporating surface back to the atmosphere which, following Dunne and Leopold (1978, p. 
where V 2 is wind speed (km/day) 2 m above the evaporating surface, e sa is vapor pressure at saturation at the mean temperature T, and e 2 is the average vapor pressure 2 m above the evaporating surface. In summary, potential evapotranspiration E, is Table 1 contains the climatic variables used to compute E, on a monthly basis. We set V 2 , the wind speed 2 m above the evaporating surface, equal to the monthly average wind speed measured on the canopy tower. We set the vapor pressure 2 m above the evaporating surface, e 2 , equal to e ia (T) times (R.H.)/100, where R.H. is monthly average relative humidity (percent) in the laboratory clearing, which we take to be (100 + R.H. at noon)/2, and e, a (T) is the saturation vapor pressure at the mean monthly temperature T, which we take to be the midpoint between the average daily maxim u m and the average daily minimum in the laboratory clearing. We also assume T -T 2 , the temperature 2 m above the evaporating surface. We set the albedo a = 0.18, the value measured for a tropical hardwood forest in Kenya (Dunne and Leopold, 1978, p. 113) ; the "cloud-type constant" a = 0.6, the value appropriate for clouds at a medium height. The mean cloudiness was computed from an empirical expression given in Dunne and Leopold (1978, p. 106) ,
where /" is the solar radiation entering the upper atmosphere (computed from Dunne and Leopold, 1978, p. 107) and QJI a is the fraction of the month's solar radiation that penetrates the atmosphere to the forest canopy. We estimated the mean cloudiness C for each month of the year by averaging the values of C calculated from values of Q< and /" for that month in Geology, Climate, and Hydrology successive years of our study (Table 1) . These values differed by an average of two percentage points from the average portion of daylight hours with sunshine in each month of the year at Balboa Heights, as calculated from records of the Panama Canal Commission for the years 1908-65. Monthly values of potential evapotranspiration computed by this procedure are given in Table 1 . From 1977 through 1979, the average annual potential evapotranspiration was 146.4 cm, which works out to 12.2 cm/month (13.9 cm/month during the dry season, 11.4 cm/month during the rainy season). Solar radiation is the principal factor controlling evapotranspiration in general, but the lack of strong seasonal variation in magnitude of the other meteorologic variables on Barro Colorado Island causes the potential evapotranspiration to be a simple linear function of solar radiation (r 2 = 0.94, n = 42). Table   1 indicates that potential evapotranspiration ranges by a factor of less than two from wet to dry season, responding to changes in solar radiation caused largely by the seasonal variation in cloud cover.
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T h e greatest source of error in the calculation of potential evapotranspiration is the estimate of solar radiation from the regression on values observed at Flamenco: this could introduce an error of 10% in our estimate of E,. Although albedo probably varies seasonally, the error from assuming it constant through the year is much less than 10%. The value of the "cloud-type consonant" a can range from 0.3 to 0.9, introducing an uncertainty in E t of ± 5%. Because the area is so humid, even large errors in estimates of windspeed are not likely to lead to great error in We also calculated potential evapotranspiration by the less accurate Thornthwaite method, as described by Dunne and Leopold (1978) , which requires data only on mean monthly air temperature. During our study, £, as estimated by Thornwaite's method averaged 168.2 cm/year or 14 cm/month, and seasonal fluctuations were less than those estimated according to Penman's method. T h e general agreement between the values of E t calculated by these two independent methods seems encouraging.
Water Supply O n Barro Colorado most rain occurs as storms fed by the upward movements of warm, moist air. T h e average duration of these storms is less than half an hour, and they rarely last over 3 hr. Such convective storms are unstable, and only a small part of the storm cloud may be producing rain, so rainfall may be very local. It may, however, be very intense for a few minutes. O n Barro Colorado, 1.3 cm falls in 5 min. (representing a rate of 16 cm/hr.) about once a year, and 6.4 cm falls in an hour about once a year (Panama Canal Company, 1948) .
Barro Colorado receives about 2600 mm of rain a year, 90% of which falls between 1 May and 31 Dec e m b e r . During these months, rainstorms sweep southward over the isthmus, leaving over twice as much rain on the northern coast as on the southern. Mean monthly rainfall on Barro Colorado during the wet season is 31 cm. T h e prevention of convective storms by the trade winds is primarily responsible for the seasonality of climate on Barro Colorado Island.
Between mid-November and the end of December, the trade winds develop, disrupting the convection of moist air and causing dramatic decreases in rainfall (Table 1) . T h e average monthly rainfall during the dry season is 5.1 cm. T h e trade winds usually last into April; in over half the years of record, less than 100 m m of rain falls between 1 J a n u a ry and 1 April, much less than the accumulated potential evapotranspiration demand on the plants. T h e rainy season usually begins between mid-April and mid-May. Rainfall may slacken for a month or more during the rainy season, sometimes causing understory plants to wilt, but in every calendar month from July through November of each of the 50 years for which we have rainfall records, rainfall exceeded the average potential evapotranspiration for that month. Rand and Rand (this volume) discuss the variation in rainfall, spatial and temporal, in more detail.
A WATER BUDGET FOR THE LUTZ CREEK CATCHMENT Physical Setting and Field Methods
Lutz catchment is a 10-ha., roughly diamond-shaped basin with diverse topography (Figure 3 ). T h e eastern half of the catchment is underlain by siltstone rich in volcanic glass and consists of slopes about 50 m long, averaging 25°. A narrow ridge forms the drainage divide of the eastern half of the catchment. T h e south central part of the catchment, between the two main branches of the stream, slopes at less than 9° and is dissected by numerous channels. T h e hillslopes on the western half of the catchment are mostly underlain by basaltic conglomerates and agglomerates. Here, the slopes average 15°, and many are over 90 m long. Added to this large-scale variation of slope characteristics are the seven landslide scars (Figure 3) , which introduce dramatic changes in local topography and soil drainage.
T h e three components of a catchment water budget are the input, storage, and outflow of water. Procedures for collecting meteorologic data are described above. Water outflow from the catchment is computed from a strip chart record of the water level in a pond approximately 8 m long, 6 m wide, and 1.5 m deep when full of water behind a 120° V-notch weir. In order to determine the seasonal storage of water as soil moisture, samples from the upper 5 cm of soil have been collected with a 2-cm diameter auger, and the sample weight was recorded before and after drying. Since 1975, five paired samples have been obtained at weekly intervals along a 10-m transect along the lower quarter of a 15° hillslope. This site is used as an index for the soils of the basin. T h e soils here are clay rich and about 50 cm deep over a saprolite of basaltic conglomerate. For an average soilmoisture content of 40% by weight, the dry bulk density of the soil based on seven samples is 0.8 g/cc, with a standard deviation of 0.2 g/cc. As the soil dries and cracks during the dry season, the dry bulk density sampled by this method increases, with the greatest increase probably occurring near the soil surface. We lack data on the seasonal variation of bulk density, on the vertical change in bulk density through the soil column at a particular time, and on the spatial distribution of soil bulk density within the catchment. Therefore the data from the transect can only serve as an approximate index.
If the volume of soil is not changed by adding water, the percentage volume of water in the soil (V) is V = 100 Xp, (100 -X)p",
where X is the measured percent by weight soil moisture, p, is the bulk density of the dry soil, and p", is the density of water. Note that lg of soil will contain (X/100)/p t " cu. cm of water and (100 -X)/100p s cu. cm of dry soil. V is the ratio of the volume of water to the volume of soil, times 100. In a dry soil, the total volume of the soil (V,) multiplied by its bulk density (p.,) will equal the weight of the soil and this must be equal to the volume (V^) occupied by the specific weight of the minerals (p m ) in the soil:
T h e volume of pore space (V p ) in a soil which the water will fill is then equal to the volume not occupied by the soil particles:
For a unit volume of soil, a bulk density of 0.8 gm/ cc and a mineral specific gravity of 2.5 gm/cc (typical of the clay minerals present on Barro Colorado Island), the pore space is equal to 68% of the volume. T h e specific gravity of minerals in the soil range down to 2.0 gm/cc (a value more representative of expanding clays), and the corresponding pore space for a soil composed just of these minerals is 6 1 % . Typically, d u r i n g the wettest months the soils attain average monthly water contents near 45% by weight, which according to equation (1) is 6 5 % by volume. This implies that the surface soil during these months is always close to saturation.
Soil Moisture and the Seasonal Rhythm of the Forest
T h e weekly rainfall amount and percentage by weight of water in the upper 5 cm of soil at the index site are plotted for four years of measurement in Figure  6 . As the rains begin to decrease in frequency at the Figure 6 . Weekly average percentage of soil moisture content by weight (curves) for 10 samples from five localities along a hillslope transect and weekly rainfall total from a plastic rain gauge in the clearing (vertical lines). end of November and in December, soil moisture content is decreased by plant uptake and subsurface drainage. During the driest months of January, February, and March, the occasional rainstorms that penetrate beyond the canopy cover infiltrate only a short distance into the soil and soil moisture content declines toward a minimum value of about 27% by weight. By late J a n u a r y , the clay-rich soils usually have broken into cracks u p to 2 cm wide and 10 cm deep, although in the swales the higher water content delays the development of cracks. At the onset of the wet season in May, rainwater regularly penetrates through the forest canopy to the soil surface and runs down the broad cracks in the soil, causing the soil moisture content to increase dramatically ( Figure 6 ). By August, continued rainfall has increased the soil moisture content to a maximum of about 45% by weight. Changes in moisture content of the soil time many biologic events in the forest. Augspurger (this volume) shows how a sudden change in soil moisture content, such as is' b r o u g ht on by a dry-season rain, after a sufficient period of drought, causes shrubs such as Hybanthus to flower in tight synchrony. The onset of the rainy season stimulates many species of trees to flower, the more so the more pronounced the preceding dry season (Foster, this volume) . More generally, Lugo et al. (1978) have proposed that soil moisture availability controls the dry-matter production, leaffall rate, and physiognomy of the Guanica forest in Puerto Rico. Jackson (1978) supplies other references on the seasonality of leaffall in tropical forests. Figure 7 shows weekly leaffall rates, measured in 0.083 sq. m plastic tubs at 200 sites around the catchment, plotted against contemporaneous soil moisture content at the transect described previously. The method of collecting and processing of samples is discussed in Leigh and Windsor (this volume) . Each year of record, when the soil moisture content fell below 40% by weight or 52% by volume, the rate of litterfall increased dramatically. T h e total available water can be defined as the difference in water content between the monthly maximum of 45% by weight during the wet season and the monthly minimum of 27% by weight during the dry season. From equation (1) the total volume of water available is the maximum (65% by volume) minus the minimum (30%) or 35% by volume of the soil column. Thus, the consumption of water beyond the critical value of 52% by volume represents a 34% decrease in total available water.
T h e sequence of leaffalls in successive months reveal a characteristic pattern (Figure 8 ). If December is a dry month, significant leaffall will begin then, but the leaffall rate is usually greatest in January. As the soil moisture content continues to decline, the leaffall rate slowly diminishes. The onset of rains in April replenishes the soil water supply and as the wet season progresses the soil moisture content increases to a relatively constant value between 40% and 45% by weight. Correspondingly the rate of leaffall declines to about 1 gm/sq. m/day for the latter months of the wet season. This annual cycle is repeated when the soil moisture content is once again driven below about 40% by weight as the plants withdraw water which rainfall does not replace.
In Table 2 , data on leaf-litter fall from 10 species of canopy trees indicate systematic differences between species in timing of first leaffall and of maximum leaf loss. Individuals of the same species may begin dropping leaves at very different times. Lacking data on soil moisture content at the site of each tree we cannot separate the effect of soil moisture content from the duration of the dry period on the timing of leaffall for individuals or species.
Many of the plants contributing to leaffall probably d r o p most of their leaves over a short time period once a threshold of soil moisture availability is crossed. This would create the sudden rise in leaffall rate and the decline in the rate as the remaining leaves to be shed are lost. Plants with the greatest sensitivity to soil mositure content or with the least amount of water available to them will lose leaves earliest in the dry season. Less sensitive plants, and those in wetter sites, will d r o p leaves later on. This spatial variation in soil moisture content, and the varying sensitivity of different species to water loss, maintains the loss of leaves depicted in Figures 7 and 8 at high rates during the dry season as the soil progressively loses water. The annual cycle of leaffall shown in Figure 8 , then, expresses both the temporal and spatial variation in soil water availability and differences in the sensitivity of plants to water loss.
The Water Budget Model
Because soil moisture is so important to the biology of Barro Colorado Island, we have developed a simplistic model to predict the monthly average moisture content of the soil at the index site a n d monthly runoff from the Lutz Creek catchment. This model is a "water budget" based on a general water balance for a catchment which can be expressed as
P = I + OF + AET + ASM + AGWS + GWR
Precipitation (P) supplies water to the catchment. An amount / of this water returns to the atmosphere because it is intercepted by vegetation or other surface cover and evaporates before reaching the ground. An amount AET returns through actual evapotranspiration from the vegetation. Some of the rain that reaches the ground causes an increase ASM in soil moisture content, and an increase AGWS in groundwater storage. T h e water that is not evaporated or stored in the g r o u n d leaves the catchment as runoff, either as overland flow (OF) or as groundwater runoff (GWR). During periods without rain, water leaves the catchment as AET and GWR.
At the moment we cannot construct a complete, physically based, water budget including all the terms of the above equation, because we only know the moisture content of the top 5 cm of the soil, from one site in the basin, and we lack field data on several terms in the equation. Instead, we have assumed that once monthly rainfall declines below potential evapotranspiration, runoff ceases, all rainfall is consumed by evapotranspiration, and the water stored in the soil which can be used by plants (the available water capacity) is tapped. Continued water use by plants exhausts the available water capacity to the point where the only water available to plants is from precipitation. When rainfall rate once again exceeds water demand by plants, the soil will fill with water until the available water capacity is restored and continued rainfall will leave the basin as runoff. Actual evapotranspiration is assumed equal to potential evapotranspiration until the available water capacity is exhausted, at which time it equals just the precipitation.
We have not included interception (7) because we have no field measurements and no reliable means of predicting its magnitude precisely. On an annual basis it may reduce runoff by roughly 10% to 20% (Dunne, 1978) . Interception is most important to the available water in the soil during the dry season, but because potential evapotranspiration is so much larger than precipitation the effect is probably small. Also the transition to the dry season is abrupt so that interception will not greatly effect the timing of leaffall. O u r model does not distinguish between the contribution to the total runoff measured at the weir by overland flow and that by groundwater runoff. Although overland flow (OF) seems to occur at varying amounts through the year we cannot yet predict its magnitude quantitatively. Overland flow may constitute an important loss during the beginning of the dry season when soil moisture is declining toward the threshold that induces leaffall. It also causes runoff For each week we tabulate the average and median soil moisture determined gravimetrically for two samples removed at each of five sites in the Lutz catchment; the total dry weight in g of leaves falling that week into 200 tubs with a total collecting area of 16.7 sq. m; and the number of individuals of selected species observed dropping "few" or "many" leaves that week. The phenology census includes six individuals each of Spondias mombin (A), Spondias radlkoferi (B), Anacardium excekum (C), and Pseudohomhax septenatum (D); five Sterculia apetala (E); four each of Cavanillesia platanifolia (F), Sapium caudatum (G), Zuelania guidonia (H), and Apeiba memhranacea (I); and three Virola surinamensis (J). to be generated before the water content in the soil for the entire basin is restored to available water capacity. Overland flow during the transition into and out of the dry season probably reduces recharge of soil moisture by less than 20%, however, and therefore it does not cause serious error in this model to exclude this process. Although some groundwater runoff (GWR) leaves the catchment as subsurface stormflow quite soon after a storm, other groundwater runoff reflects the slow drainage of groundwater stored in the basin. We have not taken into account how much of the runoff resulting from a given storm may occur as slow drainage from groundwater storage after the end of the month when the storm occurred. This effect is probably small because of the small size and steep slopes of the basin and the resulting rapidity with which much of the groundwater leaves it. Further, if baseflow at the beginning of the dry season is an index of this delay in runoff generated by wet season rainstorms, the data in Figure 17 (see later) suggests that this runoff component is small. An important influence on actual evapotranspiration (AET) which is not included in this model is the increased difficulty in removing available water from storage in the soil as the soil moisture becomes depleted. This effect will reduce the rate of soil moisture decline during the dry season but increase the water stress on the plant (which is defined as the difference between potential evapotranspiration and actual evapotranspiration) because actual evapotranspiration will decline with decreasing water content. Because we are comparing our results with data for the first 5 cm of soil at an index site and because we lack a precise means to account for this effect we have not included it in our model.
Geology. Climate, and Hydrology
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T h e two most difficult quantities to define in this simplified water budget are potential evapotranspiration and the available water capacity of the soil. T h e previous section on water demand describes the procedure used to compute the monthly rate of potential evapotranspiration in the Lutz Creek catchment. In theory, measurement of the depth of rooting of plants in the field will give the depth of soil from which water can be extracted. T h e available water capacity will be equal to the depth of the soil times the proportion of the volume of the soil profile occupied by water which can be used by the plants. Traditionally, the latter is calculated as the difference between the field capacity (the greatest soil water content held by a soil when it is freely drained) and the wilting point.
In this study site it was very difficult to define the rooting zone from which water could be removed because very few overturned trees were available for inspection. Further, trees will root into the saprolite and weathered bedrock and it could not be assumed that the depth of soil and depth of rooting for water uptake were equal. However, based on observation from three uprooted exposures, the depth of rooting can exceed 80 cm.
As an alternative, we used the rainfall and runoff data to try to estimate the water entering storage in the soil during the wet season. We calculated the net amount of water stored in the ground during each rainy season, extending from the first through the last month when rainfall minus runoff exceeded potential evapotranspiration, by subtracting the total runoff and total evapotranspiration for the season from the total rainfall. We find that the total net storage of water during the rainy season (and thus, presumably, the total amount of water the soil could hold) was 52.2 cm in 1977, 29.7 cm in 1978, and 48.9 cm in 1979, averaging 43.6 cm. This method shifts some of the error in the water budget introduced by calculation of potential evapotranspiration into the estimate of available water capacity. If V is the percentage of the soil's volume occupied by water, then the amount of water, G, stored in soil of depth D, is
G = DV/100
T h e available water capacity of the soil (AWC) is G max , the soil's water content when saturated, less G min , its water content when it releases no more moisture. Thus
We defined V max and V min using equation (1) and observations on the annual maximum and minimum monthly percent by weight soil moisture (45% and 27%, respectively). Further, we have estimated the available water capacity from the rainfall and runoff data to be 43.6 cm. Solving for D, we have obtained a value of 122 cm for the total depth from which water is withdrawn by plants. This depth is greater than the minimum depth of 80 cm suggested by rootwad exposure of fallen trees and suggests that the tree roots penetrate well into the underlying saprolite and weathered bedrock. T h e depth may also be overestimated because of systematic underestimation of the magnitude of evapotranspiration, as is suggested by the Thornthwaite estimates (Table 1 ). Solving equation (1) for X in terms of V, and expressing V = 100 GID from equation (2), we find that
X = 100
PsD + 1 (4) T o see how the percentage of soil moisture by weight (X) is related to the total moisture content of the soil, consider the case at the beginning of a dry season when evapotranspiration exceeds precipitation by 5 cm. If the soil moisture content by weight at the beginning of the month was 4 5 % , then, by equation (1), the moisture content by volume will be 65%, which by equation (2) In Table 1 we have presented the raw meteorological data used in the Penman method to compute potential evapotranspiration. The calculated water budget is shown in Figure 9 . T h e calculation procedure began Monthly rates of rainfall (heavy line) and evapotranspiration (light line) are given in total depth of water over the entire catchment per month. Potential evapotranspiration varies little through the year. Because of the large water storage capacity in the soils and underlying weathered bedrock and saprolite and the relatively short dry season, for only one to two months of the year does this supply of water become exhausted by plant uptake and actual evapotranspiration equals just the rainfall.
for the month of October 1976, at which time it was assumed that available water capacity was 43.6 cm and soil moisture content was 45% by weight. At this time, precipitation greatly exceeded potential evapotranspiration demand and the difference between the two was the runoff. By December, however, precipitation dropped far below potential evapotranspiration, runoff ceased, and water was withdrawn from the soil reducing the soil moisture content. Measured runoff for December was only 0.05 cm. In March 1977 the available soil water was exhausted and the actual evapotranspiration fell to just the rainfall amount. In May 1977, rain once again exceeded evapotranspiration demand, but runoff did not occur until 43.6 cm of excess rainfall had gone into storage in the soil, which occurred by July. Measured runoff for May and June were 0.1 and 0.7 cm, respectively. The same logic can be used to explain the remainder of the diagram. The region representing the difference between potential and actual evapotranspiration is called the soil moisture deficit and gives an indication of the severity of the dry season. The soil moisture deficit would be greater if the actual evapotranspiration were reduced as the water content diminished.
The goal in constructing the water budget was to devise a means for predicting the seasonal change in soil moisture content. Figure 9 shows the observed and predicted soil moisture for the period of the water budget. The form of the predicted soil moisture curve follows the assumptions of the model. Predicted soil moisture was assumed to range from a maximum of 45% by weight to a minimum of 27% on the basis of soil moisture measurements. Moisture content will decrease whenever precipitation falls below potential evapotranspiration until it reaches the imposed minimum. Although this procedure is a gross approximation, it gives a reasonable fit to the observed data collected from the topsoil at an index site. There are problems, however, such as the deviation between predicted and observed values of soil moisture in the last three months of 1979. These three numbers coincide with the advent of a new technician, and illustrate the uncertainties of interpreting monitoring data collected by a succession of different people.
Another test of the validity of the water budget model is to compare observed and predicted monthly runoff (Figure 9 ). In general, the predicted and observed runoff are similar. Deviation from the observed runoff is expected at the beginning of the wet season because runoff will occur before storage in the soil is completed and because some parts of the basin will become saturated sooner than indicated by the sample site along the transect. Storage in the basin as groundwater will delay the cessation of runoff beyond the predicted time and decrease the magnitude of runoff in the wet season, but this effect could be expressed by use of a storage coefficient to modulate the timing of runoff from the basin. In general, the similarity between predicted and observed runoff rates appears to support the simple form this model has taken.
Construction of a quantitative model of runoff processes for individual storms would greatly improve the physical basis of our water budget model and its applicability to other tropical catchments. We have begun examining runoff processes in the Lutz Creek catchment and in the next section we will report some of our initial findings. Because the processes we will discuss are unfamiliar to most biologists, we will begin with a general review before passing to the specifics of Barro Colorado Island.
RUNOFF PROCESSES
Water striking a hillslope flows to drainage channels via several paths (Figure 10 ). The path it takes controls the magnitude and duration of runoff, the recharge of soil water for use by plants, the nutrient content of streamflow, and the intensity of surface erosion processes. Dunne (1978) explained these paths in detail and discussed the controls on the runoff contribution of each path.
If the soil surface has a low infiltration capacity relative to the intensity of the rainstorm, the excess rainwater runs overland to the channel (path 1). This process is called Horton overland flow after Robert Horton (1933) , who first studied it formally and em- Figure 10 . Possible paths of water moving downhill. Path 1 is Horton overland flow; path 2 is groundwater flow; path 3 is shallow subsurface stormflow; path 4 is saturation overland flow, composed of direct precipitation on the saturated area and infiltrated water that returns to the ground surface. The unshaded zone indicates highly permeable topsoil, and the shaded zone represents less permeable subsoil and bedrock (from Dunne and Leopold, 1978) . phasized its importance. Water that infiltrates the soil and bedrock may percolate vertically to the water table and travel to the channel as groundwater flow (path 2). If the infiltrating water encounters a relatively impermeable boundary, as often occurs at the transition from soil to bedrock, it will flow laterally to the channel as subsurface stormflow (path 3). Finally, if during a storm the soil becomes saturated with water, some of the subsurface flow will emerge at the surface and join the falling rain to form saturation overland flow (path 4). This occurs most commonly at the foot of the slopes, on hillsides with concave profiles and contours, or on slopes with shallow soils of low permeability.
The relative contribution of each path to the total runoff is controlled by the interaction of several factors, including climate, vegetation, geology, and land use. Within a catchment, spatial variation in topography and properties of the soil will lead to seasonal changes in the proportion of the basin contributing surface runoff. Recognition that spatial variation in rainfall intensity and soil permeability causes some areas to contribute more Horton overland flow than others, has led to the partial area concept (Betson, 1964; Yair et al., 1978) . Similarly, recognition of the seasonal and spatial variation in the magnitude of saturation overland flow has led to the variable-source concept of runoff production (Hewlett and Hibbert, 1967; Dunne and Black, 1970) . The data presented here confirm the importance of variable sources in the wet tropics.
A corollary to the variable-source concept is that soil moisture available for plant and animal use also will be seasonally and spatially variable. The temporal and spatial availability of soil moisture, which is predictable from soil properties and topography, influences the distribution of plants, their interspecific and intraspecific variation in growth rate, physiognomy and timing of reproduction, as we have mentioned above.
Runoff Processes in the Wet Tropics
The variable-source concept has recently stimulated quantitative studies of runoff production from hillslopes in the tropics. Nortcliff et al. (1979) monitored soil-water content at several sites along a steep, forested hillslope underlain by sandy, well-aggregated soils at Reserva Ducke near Manaus, Brazil. During their study, rainwater infiltrated the highly permeable soil of the hillside and traveled to the base of the slope near the floodplain, saturating the soil there and generating saturation overland flow. No overland flow was observed above the base of the slope.
In a tropical forest of North Queensland, Australia, Bonell and Gilmour (1978) set troughs into the soil at three levels to measure rates of surface and subsurface flow in a small, steep, forested catchment, and found that saturation overland flow was widespread on the slopes. The clayey soils at their study sites had very high permeabilities for the first 20 cm of depth, but below this depth permeability decreased dramatically. During a storm, this relatively impermeable boundary blocked infiltrating soil water, causing the topsoil to become saturated, and generating saturation overland flow over large areas of the catchment. Leigh (1978a, b) has also measured overland flow from soil troughs in lowland dipterocarp forest in Malaya. These troughs were set in slopes of 4° to 14° mantled by clay-rich soils derived from shales. Leigh did not explain what caused the overland flow, which amounted to about 40% of the total runoff from the study site, but Leigh (1978b, p. 201 ) mentioned a "seepage depression" nearby, suggesting to us that saturation overland flow contributed to the runoff. Horton overland flow may also have been important, however; the distinction matters when one tries to model factors governing runoff or to design remedial measures for disturbed areas.
In sum, saturation overland flow is frequent in the tropics. The thickness of soil above an impeding horizon governs the area yielding such flow, and thus the contribution of saturation overland flow to total runoff. On the other hand, if the forest is destroyed and the soil rendered less permeable, Horton overland flow may dominate and accelerate soil erosion (Rougerie, 1960; Tricart, 1972; Roose, 1976; Lam, 1978; Daubenmire, 1972) .
Influence of Geology on Runoff
Geology affects runoff primarily in two ways. First, the rates at which mountains build and stream channels are deepened control the general relief of the landscape from which rainwater must drain. Second, the types of the underlying rocks can greatly influence the depth and texture of the soil that forms, the availability of soil moisture during the dry season, and the path of runoff to drainage channels. Rocks which are easily penetrated by percolating waters will experience more accelerated leaching than denser rock and can be weathered more deeply. The texture of the soil derived from the weathered bedrock will depend in part on the degree of weathering of the rock, which reflects the permeability of the bedrock. Soil texture also depends in part on the inherent grain size of the parent rock, as Tricart (1972) has discussed more thoroughly. Rocks such as quartzitic sandstones will weather into a soil with a sandy texture and high permeability. Rocks composed of fine-textured minerals, volcanic glass, or minerals that weather relatively quickly, will break down into a soil rich in clays. Although the permeability of clay is low, it can be greatly increased by a dense network of roots, or by the presence of large, water-stable soil aggregates. Finally, in limestone bedrock, the lack of aluminosilicates prevents the formation of clay during weathering, resulting in very thin soils which can store very little water, thus leading to an extraordinarily xeric (drought-resistant) vegetation, as in the Guanica forest of Puerto Rico (Lugo et al., 1978) .
T h e texture of the soil has pronounced effects on how runoff leaves a hillside. T h e principal difference between the style of runoff found by Nortciiff et al. (1979) at Manaus and that found by Bonell and Gilmour (1978) in North Queensland may be due to soil texture, which reflects differences in the underlying weathered rock. On the Manaus hillslope, the deep quartz-rich sandy soils and the saprolite derived from sandstone are quite permeable, and runoff from most of the hillslope is by subsurface flow to the base of the slope where a rising groundwater table contributes to saturation overland flow. In North Queensland, silica-poor and chemically unstable metamorphic rock has weathered to a clay-rich soil, which has a stratified permeability: very high in the first 20 cm, very low in the soil below this depth. This stratification, which leads to saturation overland flow, probably results from the growth of a dense network of roots in the upper 20 cm which greatly increases the permeability of the soil. In general, root systems of trees in the wet tropics are concentrated near the surface, although many species may have deeply penetrating taproots or sinker roots (Jenik, 1978) . Thus the restriction of permeability to the top layer of soil observed in North Queensland may be a common feature of clay-rich soils in the wet tropics, and saturation overland flow correspondingly important there. Extremely high concentrations of roots near the soil surface are characteristic of soils formed from silica-rich bedrock, as at Reserva Ducke (Odum, 1970, Figure 28, p. H-34) , but the high permeability of the sandy subsoil prevents overland flow except where the water table is near the surface.
Implications of the Mode of Runoff
T h e type, and the seasonal pattern, of runoff influences its nutrient content. T h e rate of chemical weathering on a hillslope depends in part on how long water remains in contact with the weatherable material (Dethier, 1977) , which depends on the total volume of water moving past these minerals and the rate at which it does so. These in turn depend on how the runoff leaves the slope.
O n hillslopes with soils that are nearly saturated before a rainstorm, saturation overland flow will only briefly be in contact with the soil. Therefore this flow should deliver dilute water to drainage channels containing just the leachate from the forest canopy and those few solutes it acquired from the flow returning to the surface. Nortciiff et al. (1979) suggested that streams in the Amazon Basin were so poor in nutrients because a large proportion of the runoff from storms is produced from saturated floodplains and the bases of adjacent slopes, and therefore has very little contact with the soil.
T h e concentration of ions in subsurface stormflow should vary with the season, as the predominant mode of runoff changes. At the beginning of the wet season the ground is covered with leaf litter and initial rains will percolate through the litter into the soil cracks, producing little or no runoff. Water in the soil will presumably be rich in ions leached from the litter, and more nutrients should be available to the plants than at any other time of year (Smythe, 1970) . Leaf production is highest at this time (Leigh and Windsor, this volume; Leigh and Smythe, 1978) . As the rains continue, they will accelerate the loss of nutrients to the streams by displacing soil water downslope as subsurface stormflow and by washing leaf litter downslope by saturation overland flow. As the rainy season progresses and the soil becomes more saturated, runoff will spend less time in contact with the soil and less and less leaf litter will remain on the ground, so the concentration of mineral nutrients in streams and groundwater should decrease progressively. Such a cycle in the availability of nutrients may have important consequences for plant productivity.
Different types of runoff also erode the surface of the catchment at very different rates. In regions without overland flow, soil moves downslope primarily by creep or by landsliding and, where vegetation is sparse, by rainsplash. Together, these processes typically erode the soil ten to a thousand times less rapidly than the rainsplash combined with sheetwash generated during Horton overland flow. We do not know how rapidly saturation overland flow can erode steep slopes with cohesive soils. Perhaps the cohesion of saturated clays intertwined with organic material effectively resists shearing by thin sheet flows, and a layer of water over the soil surface may greatly diminish rates of rainsplash, so that saturation overland flow leads to much lower rates of erosion than Horton overland flow. Regrettably, the mechanics of cohesive soil erosion are so poorly understood that we cannot make Geology, Climate, and Hydrology even simple calculations to test this hypothesis. However, saturation overland flow is important in the wet tropics generally and, in the next section, we suggest that saturation overland flow is an important contribution to runoff in the Lutz Creek catchment. We will conclude this chapter on runoff processes with a discussion of rates of erosion.
Runoff Processes in the Lutz Creek Catchment
Although we have observed overland flow during rainstorms, we have no direct measurement of its magnitude on the hillsides, nor could we distinguish whether the flow was saturation overland flow or Horton overland flow. However, observations on the soil moisture content and seasonal changes in peak runoff rates suggest that saturation overland flow is an important contributor to runoff in the Lutz Creek catchment. As we reported earlier, the moisture content by weight of the soils along the sampling transect reach a value of 45% during the wet season, which suggests that the soil is at or very close to saturation. Rain on saturated soil will produce saturation overland flow which can travel rapidly on steep slopes to channels and produce high peak runoff rates.
The relative magnitude of the peak runoff in Lutz Creek for the same storm duration and peak rainfall intensity increases from less than 1% of the rainfall intensity in May up to 30-50% of the rainfall intensity in November (Figure 11 ). The substantial increase in runoff rate as the rainy season progresses is probably caused by an increasing contribution of saturation overland flow to the runoff peak. Early in the rainy season, the rainfall that penetrates the forest canopy to the soil surface runs down the cracks in the soil, increasing the soil moisture content but generating little runoff. Rain falling directly on the drainage channels and subsurface runoff from small parts of the catchment produce only a few low waves on the weir chart. As the rains continue, soil moisture content increases, cracks in the soil swell closed, and progressively less rainfall is needed to saturate the soil and produce saturation overland flow. For example, in June 1978 the soil water content was 42% by weight The general relationship was the same for all 15-min. peak rainfall intensities and storm length. Generally the larger the storm for a given peak rainfall rate, the greater the runoff.
or 57% by volume. If the total pore space is 65% by volume, then in a 50-cm-deep soil column it will take 50 (0.65-0.57) or 4.0 cm of rainwater to saturate the soil, as compared with about 11.7 cm in April and nearly zero in November for the same year. Near the end of the wet season multiple-peaked flood hydrographs for a single large storm also appear, reflecting greatly increased sensitivity to oscillations in rainfall intensity.
T h e continued rapid increase in runoff rate during the latter part of the wet season must also reflect the fact that an increasing area of the watershed is approaching saturation. T h e thinnest, least porous soils with the shallowest rooting zones, and topographic depressions of swales where subsurface flow converges will saturate earliest. T h e central headwaters of the Lutz Creek basin has gentle topography broken by many shallow channels and we suggest that this region contributes saturation overland flow earliest in the wet season.
T h r e e properties of the hydrographs recorded at the weir pond suggest that overland flow contributes significantly to the peak runoff from the catchment, although they cannot be used to distinguish Horton and saturation overland flow. First, the peak runoff rates can exceed 9 cm/hr. In Figure 12 , the frequency density function of peak runoff rates indicates that about 10% of the flows in the two years 1977-78 exceeded 1.0 cm/hr. which is greater than the maximum peak discharge generated by subsurface stormflow alone from 10-ha. basins elsewhere (Dunne, 1978; Harr, 1977) . Second, lag time between the peak rainfall intensity and peak runoff rate in the Lutz Creek catchment is very short, ranging from about 30 min. for small stormflows to as little as 3 min. for rarer, larger flows ( Figure 13 ). Peak runoff generated by subsurface stormflow alone in basins of comparable size elsewhere has a lag time of greater than an hour (Dunne, 1978) .
Finally, the recession limb of the hydrograph is very steep for the larger peak flows. If it is assumed that runoff after the peak flow is proportional to the water remaining in storage in the watershed, then the following expression can be derived (Chow, 1965, p. 14-9) for the recession limb
where Q, is the discharge at any time t (hours) after the peak discharge, Q", and K is the recession constant. Rewritten for clarity the equation becomes PEAK RUNOFF (cm/hr) Figure 13 . Relationship between the time from the peak rainfall intensity to the peak runoff rate (lag peak) and the magnitude of the peak runoff (data collected by Egbert Leigh). Figure 14 . Relationship between the recession limb constant, K, for the first 3 to 23 min. after the peak runoff and peak runoff for three years of record. TIME Figure 15 . Schematic of a typical hydrograph for Lutz Creek. The sloping line separating quickflow from delayed flow can be defined using the Hewlett and Hibbert (1967) technique. on semilogarithmic paper; small values indicate steep recession limbs. D u n n e (1978) found that runoff generated by overland flow typically had K values less than 0.5, whereas recession limbs resulting from subsurface stormflow had K values greater than about 0.8. In order to evaluate K for hydrographs from the study watershed, 79 storm hydrographs were digitized and the value of K for the first data point after the peak was computed and plotted on Figure 14 . Although the time to the first data point ranged from 3 to 23 min., no improvement in the scatter of the data was achieved by grouping the points according to the time delay used. Also no clear effect of rainstorm length was detected. The data suggest that at peak runoff values of roughly 0.04 cm/hr. and less the recession limb will begin with K in excess of 0.5. Clearly the majority of the stormflows have very steep recession limbs, suggesting a significant contribution from overland flow.
Although it does not indicate the contribution of specific runoff processes, a measurement of the rapidity with which water leaves the basin can be obtained by dividing the flood hydrograph into rapid and slow runoff components. A widely accepted method of hydrograph separation, proposed by Hewlett and Hibbert (1967) involves drawing a line of constant slope of 0.0001968 cm/hr. per hour (0.55 1/ sec.-sq. km-hr.) from the inception of storm runoff to the recession limb on the hydrograph and computing the volume of runoff above the line as "quickflow" and below the line as "delayed flow" (Figure 15 ). The background runoff rate above which the stormflow hydrograph is generated is commonly referred to as a baseflow. Baseflow was defined by joining points on the stream hydrograph at midday, or just before a flood event of that day if the flood occurred in the morning (Figure 15 ). T h e total daily runoff was added to gether for each month to examine the monthly trend in baseflow (Figure 16 ) a n d to obtain the annual total baseflow (Table 3 ). Figure 16 illustrates that during the latter part of the wet season the baseflow for each month is approximately the same from year to year. Table 3 summarizes the results of applying the separation technique to the runoff record for the three years 1977-79 and indicates that, on average, twothirds of the runoff leaves the basin slowly after the rainstorm, with 50% of the total runoff occurring as baseflow. This suggests that subsurface runoff processes dominate the annual runoff from the Lutz Creek basin. T h e component of runoff that leaves as quickflow on an annual basis is about 33% of the total runoff, which is similar to that found in temperate regions dominated by variable-source runoff (Hewlett and Hibbert, 1967; H a r r , 1977) . For individual large stormflows, the quickflow component can exceed 70% of the total runoff. T h e three properties of the storm hydrograph described above suggest that the quickflow component is predominantly by an overland flow, which we propose is saturation overland flow. O u r best estimate, based on a distinctive change in slope of the recession limb at 0.9 hr. after the peak, is that saturation overland flow contributes about 20% of the total runoff or about two-thirds of the quickflow. More quantitative conclusions can only be derived from direct measurement of runoff processes.
Rates of Erosion
Rainsplash pedestals, exposed tree roots, and large landslides suggest high rates of erosion in the Lutz Creek catchment. In order to quantify the total physical erosion rate, we began making measurements of suspended load in Lutz Creek in the wet season of 1978. We sample the suspended sediment with a handheld US D H -4 8 sampler (Guy and Norman, 1970) upstream of the weir pond during high flows. Below the weir pond and during low flows we use a pint bottle instead. Samples were collected upstream and downstream of the weir in order to evaluate the trap efficiency of the p o n d and thereby compute the bedload transport from changes in sediment storage in the pond. T h e weir pond is excavated about three times a year, but difficulties in accurately recording the amount of sediment removed has prevented calculation of the bedload transport.
During storm runoff Lutz Creek turns a bright reddish brown and the results of sampling through a range of discharge during the wet seasons of 1978 and 1979 shown in Figure 17 suggest very high rates of suspended sediment transport. Some of the scatter in the relationship depicted in Figure 17 results from measurement error resulting from the samples being collected by six different people. However, most of the data are represented by measurement s both above and below the weir pond, which tend to confirm differences in concentrations between the two years and suggest that the weir pond has a low trap efficiency. Part of the difference between 1978 a n d 1979 may be due to intentionally reduced use in 1979 of the footpaths which ring the Lutz Creek catchment. These footpaths may be relatively important contributors of sediment to the main channel at lower runoff rates when other parts of the watershed are not experi- Figure 17. Concentration of suspended sediment in runoff from Lutz Creek. The best fit regression equation given in the figure is for the 21 data points above the weir and has an r 2 = 0.64. Q" is the sediment concentration in mg/1 and q", is the runoff in cm/hr. encing significant overland flow.
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T h e relationship found between water discharge and sediment concentration given in Figure 17 was used to compute annual suspended load discharge from the record of water discharge for the period 1976-79. During this time the computed average annual sediment discharge equalled 598 t/sq. km-yr. (equivalent to about 0.75 mm/yr. of soil erosion) which greatly exceeds values for mature forested watersheds elsewhere in the tropics (e.g., reference in Lam, 1978; Leigh, 1978a; Dietrich and Dunne, 1978) . Enders (unpubl. manuscript) examined the rate of delta formation since 1929 into Fuertes Cove by Nemesia Creek with drains the northwest side of the island. He estimated that over a 36-year period a minimum of 21,650 cu. m of sediment was deposited in the flooded valley of Nemesia Creek which was derived from 354,830 sq. m of drainage area. Assuming the density of the deposit in the delta to be the same as in the soil, these numbers give an equivalent soil erosion rate of 1.69 mm/yr. Although his methods were very approximate, this result gives support to the high rates of erosion observed in the Lutz Creek basin. Unfortunately, the processes producing runoff at other study sites in the tropics have not been identified so that meaningful comparisions are difficult. In addition, there is another process contributing to suspended load of the Lutz Creek catchment, the magnitude of which has yet to be defined.
During storm runoff, chunks of weathered bedrock bordering the channel collapse into the stream and quickly break down to the size of suspended-load material. T h e lack of strength of weathered rocks is indicated by their weathered condition in the bank, the great ease with which rocks in gravel bars can be crushed by hand, and the scarcity of sediment in the channels. As of 1979, there was less than the equivalent of one year's sediment discharge stored behind roots and boulders in the stream. T h e supply of weathered bedrock is maintained in part by large landslides ( Figure  3 ). T h e relative contribution of surface erosion associated with saturation overland flow and of landsliding to the total sediment discharge of Lutz Creek has yet to be resolved. A thorough examination of the processes contributing to saturation overland flow on the hillslopes combined with a program of erosion measurements from pins inserted into the soil surface and from troughs placed across the gradient of the hillslope would greatly enhance our ability to answer questions raised here.
CONCLUSION
T h e hydrology of the Lutz Creek watershed is strongly influenced by interaction between bedrock, soils, and forest organisms. Soil properties are determined by the rate of chemical weathering of the parent rock, which is largely subject to climatic controls and by the intensity of biologic disturbance which greatly affects rates of soil formation and soil erosion. The destruction of the residual physical properties of the parent material in saprolite and weathered bedrock which occurs d u r i ng mixing to form a soil may be d u e largely to biologic activity. Burrowing insects (principally ants) and the growth of trees and tree throw may produce most of the thin mantle of soil in the Lutz Creek catchment.
T h e texture of the soil produced is dependent on the intensity of mixing and on the inheritable grain size of the weathered parent material. Most of the catchment is underlain by rocks rich in volcanic glasses: rocks which quickly decompose to clay. Soils formed from this material are clay-rich and as a result have low permeability unless colonized by a thick root mat. Without the benefit of vegetation cover and root penetration, these soils would experience severe erosion u n d e r Horton overland flow because of intensity of tropical rainstorms. Instead, the dense network of tree roots in the upper 20 cm of the soil greatly increases the permeability of the soils. However, they are concentrated only in this shallow layer which in places becomes saturated frequently during the wet season. Further, the roots withdraw vast quantities of water causing the soils to dry and break into broad deep cracks. In the early part of the wet season, most rain enters these soils and only a small amount of subsurface runoff is produced. Continued rain leads to saturation of the soil in the root zone and to development of saturation overland flow. T h e frequency and magnitude of saturation overland flow increases through the watershed as deeper, steeper, and more porous soils become nearly saturated.
T h e limitations of water storage in soil strongly affects the activity of trees on Barro Colorado Island. A pronounced leaffall occurs when evapotranspiration demand on the trees reduces the soil moisture content to a critical level. Spatial variation in available water capacity due to differences in bedrock, topography, and rates of soil formation and erosion may induce a systematic variation in species composition and productivity of trees. Several areas on Barro Colorado Island support stunted trees (E. Leigh, pers. comm.) . A water-balance calculation for these sites based on a few field observations could test the importance of soil moisture limitations on the character of the forests.
We have developed a general picture of the hydrology of Barro Colorado Island from the interpretation of stream discharge records, which spatially average the runoff processes, and from meteorologic and pedologic data, which serve as indices only. It is now necessary to begin detailed hillslope measurements at a range of sites in the catchment to define quantitatively the runoff processes and their controls and to examine the spatial variation in physical controls of biologic activity.
